Brain damage from neonatal hypoxia-ischemia (HI) plays a major role in neonatal mortality and morbidity. Using the Rice-Vannucci model of HI in rats, we verified that 8 days after HI injury, adenosine deaminase (ADA), N-acetyl-glucosaminidase (NAG) and myeloperoxidase (MPO) activities increased in the left hemisphere hippocampus (HI group); however, the activity of 5′-nucleotidase (5′NT) remained unchanged. In the hematoxylin-eosin analysis (HE), we detected selective and delayed degeneration of hippocampal pyramidal neurons Open access under the Elsevier OA license.
Introduction
Neonatal hypoxia-ischemia (HI) is a common cause of damage to the fetal and neonatal brain. The pathogenesis of this injury is complex since interrelated toxic events, such as energy depletion, release of excitatory amino acids, accumulation of reactive oxygen species (ROS), and initiation of apoptosis occur simultaneously and contribute to cellular dysfunction and death (Vexler and Ferriero, 2001) . Adenosine plays an important role in mediating hypoxic increases in cerebral blood flow by effective decreases in cerebrovascular resistance (Coney and Marshall, 1998) .
ADA adenosine deaminase (ADA; EC 3.5.4.4) and 5′NT-nucleotidase (5′NT; EC 3.1.3.5) are important enzymes of purine metabolism. ADA, a metalloenzyme involved in the metabolism of purine nucleosides, catalyses the irreversible hydrolytic deamination of adenosine and 2′-deoxyadenosine (2′-dAdo) to inosine and 2′-deoxyinosine, respectively. The enzyme plays an important biological role in the metabolism of purine nucleotides and is essential for the proliferation and differentiation of lymphoid cells, particularly T cells, and maturation of monocytes to macrophages (Bota et al., 2001) .
5′NT is present in glial and neurones and catalyzes the formation of adenosine, which in turn can act as a neuromodulator or neurotransmitter. In addition, this enzyme can collaborate with the activity of other nucleotidases in situations characterized by ATP hypercatabolism, such as hypoxia (Le Hir and Kaissling, 1993) .
It is known that brain hypoxia induces inflammation. Myeloperoxidase (MPO) can be used in conjunction with N-acetylglucosaminidase (NAG) as markers of neutrophil and macrophage accumulation, respectively (Xavier et al., 2010) . MPO, one of the most abundant enzymes secreted by inflammatory cells (Bradley et al., 1982) , including neutrophils, macrophages and microglia (Nagra et al., 1997) , contributes to host defense via the production of the powerful oxidant hypochlorous acid (Klebanoff, 1970) . In addition, it has been reported that MPO enhances the binding of leukocytes including monocytes and neutrophils to the endothelium. Therefore, MPO participates in the recruitment of cells into an area of inflammation (Johansson et al., 1997) . MPO can be used in conjunction with NAG as markers of neutrophil and macrophage accumulation, respectively (Xavier et al., 2010) .
The hippocampus in immature brain is characterized by a paucity of astroglia and by immaturity of presynaptic cellular compartments. It is a vulnerable region with respect to the time course of degeneration in the evolution of injury after HI (Johnston, 2001) . Furthermore, it has now been established that the intermediate filament proteins, vimentin and glial fibrillary acidic protein (GFAP), are required in defensive reactions developed in the central nervous system after trauma (Pekny et al., 1999) . Recently, we have demonstrated an increase in the activity of ADA and lipid peroxidation in the cerebral cortex 8 days after neonatal HI. This was accompanied by a GFAP-positive (Pimentel et al., 2009) . As a follow up, this study goes forward in terms of examining the hippocampus after using HI neonatal model (Rice et al., 1981) with the purposes: a) to investigate the activity of key enzymes of adenosine metabolism, 5′NT and ADA; b) to evaluate the extension of the hippocampal lesion by HE and immunohistochemistry and to examine the lymphocytic infiltration by immunohistochemistry after the HI insult; c) to assess the NAG and MPO activities as markers of leukocyte infiltration of hippocampal tissue examined.
Results

2.1.
Neuropathologic injury in the hippocampus after neonatal HI Eight days after HI insult, histological changes were observed by using hematoxylin and eosin staining. The layers were preserved in the controls, with no sign of lesion and cellular death. Contrastively, changes were found in the left hemisphere, in the pups which suffered neonatal HI. The histopathological analysis revealed focal areas of neuronal ischemia, selective necrosis of neurons with acidophilic, condensation, cytoplasmatic retraction and nucleous with picnosis and cariorexis. Discrete vacuolization of neurophil was observed, mainly in the dentate hylo, and also a loss of pyramidal neurons and degenerative neurons in the HE and presence of macrophages. These degenerative neurons showed changes in the cell shape and eosinophilic somata with picnotic nuclei (Fig. 1). 
Immunohistochemistry analysis
The immunohistochemistry showed GFAP-positive in the hippocampus formation, including CA1, CA2, CA3 and dentate gyrus in the animals submitted to the HI insult when compared to the control group. We observed a mild astroglial reaction, with an increase in the number of glial cells. These cells are located in peripheral areas in relation to the damaged neuronal areas, best observed in CA1, CA3 and dentate gyrus (Fig. 2) . Furthermore, strong Vimentin-immunostained astrocytes were observed in the HI group (Fig. 3B) . The endothelial proliferation of vessels was also identified, a characteristic reaction for vimentin (Fig. 3C ). In the ischemic area the astrocytes' disappearance indicated the highest effect of ischemia. The removal of necrotic tissue is made by macrophages, resulting subsequently, in a cavity. The reaction with the vimentin is similar to the one observed with the GFAP, except for the fact that the capillaries exhibit endothelial proliferation. The immunoreactivities in the contralateral hemisphere to the carotid ligation were similar to those in the control rat. Moreover, the cells were negative for CD45 family (CD45RA, CD45RO) tested (data not shown).
Enzymatic activities
In the present study, we observed a significant difference between the control groups studied. ADA activity of the left hemisphere of the control group was different from the ischemic and HI groups. ADA activity was lower on the 67th postnatal day (60 days after HI) than when they were on the 7th postnatal (immediately after insult) in the left and right hemisphere of the control group (p < 0.001). In addition, ADA activity in the control groups decreased according to the animal aging (Fig. 4A ).
In the 60th day after HI we did not observe differences between HI and the control. In the same way, we observed that 8 days after HI, ADA activity increased 126% when compared to the control (p < 0.01) (Fig. 4B ). For this reason, we decided to perform the measurement of the 5′NT activity only 8 days after HI. On the other hand, 5′NT activity did not change after eight of the HI insult (Fig. 5 ).
In addition, the measurement of NAG and MPO activity was shown to be significantly increasing in the left hemisphere when compared to the control and to other groups (Fig. 6A , B) (p < 0.01 and p < 0.001, respectively).
Discussion
The present study indicated that after 8 days of neonatal HI the rats presented the following main impairments: 1) progressive tissue destruction shown by HE in the left hippocampus of the HI group; 2) GFAP and vimentin-positive in the hippocampus in the HI group shown by immunohistochemistry; 3) increase in ADA activity, but not in 5′NT activity; 4) increase in NAG and MPO activities, but not for the activated T lymphocyte expression. In addition, the profile of development pattern of ADA activity in the hippocampus in the control group was similar to the results previously found by Pimentel et al. (2009) , who evaluated the cerebral cortex. We observed a selective and delayed degeneration of hippocampal pyramidal neurons, GFAP-positive and vimentinpositive. This finding evidences the extension of the effects after HI, since the morphologic brain injury from HI evolves over a period of several days to weeks after HI insult (Nakajima et al., 2000) . Our findings can reveal the overactivation of immune cells, since ADA plays an important role in the mechanism of the immune system. Moreover, in a previous study (Pimentel et al., 2009) we demonstrated the lymphocytes infiltration in cerebral cortex after HI. However, in this study, the analysis using immunohistochemistry of lymphocytes (CD45RA, CD45RO) showed no infiltration of lymphocytes into hippocampus after HI. This delayed mechanism with no changes in 5′NT and enhanced ADA activity in the 8th day could explain that at this time, adenosine production does not need to be improved. In fact, in the literature we found that 5′NT activity is normally enhanced in the moment of HI (Braun et al., 1998) . The inflammatory processes could affect mainly ADA, improving such activity. During elevated adenosine levels, ADA induction may serve as an innate adaptation to protect the organism from potentially deleterious effects or long-term elevation of adenosine or its metabolites. In developing rats, the 5′NT activity can be modulated by trophic neuronal factors in the early stages of damage. However, in this evaluation, 8 days after the injury, its activity did not have any effect. It is important to mention that both the hippocampal lesion and ADA activity increased considerably in the same period in which the 5′NT was not altered. The non-alteration of 5′NT may reflect on the regulation of the extracellular concentrations of the nucleotides. While AMP hydrolysis to adenosine is prominent in early ischemia and acts to preserve cellular energy potential, during a second ischemic period, nucleotides are conserved by the stable inhibition of AMP hydrolysis (Gustafson et al., 1999) . For this reason, it is possible to think that 8 days after the insult the 5′NT activity is no longer activated. However, another possible role might be taking place. In this context, Catania et al. (1991) demonstrated that ADA stimulates the release of excitatory amino acids through a mechanism that is independent of adenosine depletion. It is well known that during HI injury brain the neurotransmitter activity is compromised (Moretto et al., 2005; 2008) . Correspondingly, the increase in the MPO activity after HI may derive from the neutrophils phagocytosed by macrophages into the ischemic brain since in histological analysis only macrophages were found. These results suggest the possible importance of the neutrophil-macrophages in exacerbation of inflammation in the early days of postischemic brain injury, similar to those found in ischemic areas (Matsuo et al., 1994) .
In particular, the pharmacological modulation of ADA has been used to attenuate inflammation. Treatments with ADA inhibitors can result in a significant interference with phlogistic processes (Siegmund et al., 2001; Kuno et al., 2006) . Also, the changes in the concentrations of adenosine and its metabolites inosine and hypoxanthine during complete ischemia depend on ADA activity in each brain region (Kobayashi et al., 1998) . Thus, it is possible to suggest that the inhibitors of ADA activity may contribute to the treatment of the HI neonatal.
To conclude, the increase of ADA activity, despite the 5′NT activity was not altered, indicates the predominance of ADA activity in the postischemic homeostasis of extra cellular adenosine 8 days after HI. Furthermore, these results strongly suggest that the hippocampal lesion, progressive tissue destruction, vascular endothelial proliferation and the invasion of leucocytes into the ischemic areas are implicated in the early days of postischemic brain injury and display the possible importance of the neutrophil-macrophages in exacerbation of inflammation associated with the increase of MPO and NAG activities in this model of neonatal HI.
4.
Experimental procedures
Chemicals
Adenosine was obtained from Merck (Darmstadt, Germany). All other chemicals were of analytical grade and obtained from standard commercial suppliers.
Animal protocol
The study was in accordance with the guidelines of the Ethics Committee for Animal Research of the Federal University of Santa Maria which approved the experimental protocol (No. 23081.007419/2007-10) . Seven-day-old Wistar male rats, weighing 14-16 g, were obtained from our own breeding colony. They were fed ad libitum and maintained on 12 h light/12 h dark cycle, at room temperature.
HI injury
Animals were anesthetized with halothane and the left common carotid artery of each pup was exposed, isolated from nerve and vein, and ligated with 4-0 surgical silk. After surgery, the rat pups were returned to their dams for 2 h. Pups were placed into a 1500 ml chamber and exposed to an 8% oxygen-92% nitrogen atmosphere delivered at 5 l/min for 1.5 h. The temperature was maintained at 37°C water bath to maintain a constant thermal environment. Pups were returned to their dams. Survival rates of animals were 98%. Seven-day-old pups were euthanized according to the following protocols: 1) immediately, 20 hours, 72 hours, 8 e 60 days to verify the developmental changes in ADA activities in the hippocampus after HI insult; 2) 8 days after HI injury to investigate all the other analyses. The pups for this study were randomly divided into 3 groups: control group (n=10); ischemic group that suffered only ischemia (the ligation of carotid artery; n=10); and HI group, which was submitted to both the ligation of carotid artery and hypoxia conditions (8% oxygen-92% nitrogen atmosphere, n=10). In this neonatal HI model, cerebral hemispheres of rats receiving hypoxia are differently affected: the left hemispheres will present neuronal death since it suffers ischemia (due to carotid ligation) associated to hypoxia, while the right hemisphere (receiving only hypoxia) suffers no overt morphological damage.
The pups that suffer only in the carotid ligation (ischemic group) did not demonstrate biochemical and morphological alterations according (Moretto et al., 1999) .
Tissue preparation
Rats were euthanized according to the protocols cited above in different times after HI insult. The brains were promptly removed and the hippocampus (was included dentate gyrus, parahippocampal gyrus, CA1, CA2 and CA3) of all rats were carefully separated. Both hemispheres were used and processed as described previously by Belle et al. (Mustafa and Tewari, 1970; Belle et al., 2009 ). All the procedures described above were performed at 0-4°C.
Analysis of morphologic changes
Pups were sacrificed on postnatal day 15 (8 days after HI). The brain was removed after the rats were euthanized and their hippocampus were separated and weighed separately on an electronic micro balance. Then it was fixed with 10% paraformaldehyde, dehydrated and embedded in paraffin and sections (5-6 μm) for further evaluation. After they were assembled on glass slides and stained with HE, then the hippocampal subfields were examined under a light microscope.
Immunohistochemical analysis of intermediate filament proteins
Astrocytes were stained with labeled streptavidin biotin (LSAB Kit; Dako; Carpinteria, CA). Anti-glial fibrillary acidic protein (anti-GFAP, Dako; Carpinteria, CA) was used for primary antibodies. After reaction with the primary antibody, the tissue specimens reacted in contact with a secondary antibody, biotin-conjugated goat polyclonal anti-mouse IgG (H+L). Sections were incubated overnight at 4°C with the primary antibodies in a humid chamber. The following day, sections were incubated for 2 h in the corresponding biotinylated secondary antibodies (Dakopatts, Denmark), followed by washing and immersing in the solution containing the conjugated streptavidin horseradish peroxidase complex for 30 min. The specimens were colored with 3,3′-diaminobenzidine (DAB) (Sigma; St. Louis, MO). They were also stained with hematoxylin. The procedure used with vimentin is similar to the one described above.
Immunohistochemistry of lymphocytes of hippocampus
The immune cell populations were identified with labeled streptavidin biotin (Kit Histostain® SP Broada Spectrum-HRP, Zymed® laboratories). Briefly, primary and secondary antibodies were selected for their specificity, sensitivity, and availability. Endogenous peroxidase was blocked by 3% hydrogen peroxide for 15 min. Tissue sections were then washed and incubated overnight at 4°C with the primary antibodies in a humid chamber. Antibodies specifying the following cell surface markers were employed as primary antibodies and incubated with the tissue sections, CD45RA and CD45RO (DakoA/S Denmark). The following day, sections were incubated for 1 h in the corresponding biotinylated secondary antibodies. The specimens were colored with 3,3′-diaminobenzidine (DAB) (Sigma; St. Louis, MO).
Enzymatic assays
Hippocampus ADA activity was estimated spectrophotometrically by the method of Giusti (1974) , and protein concentration was measured by the method of Peterson (1977) with bovine serum albumin used as a standard. The values were expressed as U/mg of protein for ADA. All experiments were performed in triplicate and the mean was used for calculation. 5′NT activity was carried out as previously described by Lunkes et al. (2004) and Chan et al. (1986) . The enzyme activity of tissue of NAG and MPO were assessed according Lloret and Moreno (1995) and Suzuki et al. (1983) . Enzyme activity was determined using a Micro plate reader. The results were expressed as optical density (OD)/g of tissue.
Data analysis
Results were analyzed by one-way and two-way ANOVA for multiple group comparison. Pos hoc analysis was carried out by Duncan multiple range test. p < 0.05 was considered significant. All analyses were carried out in an IBM compatible PC using the StatSoft Statistica 6.0 software.
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